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ABSTRACT: Chalcogen bonds are the specific interactions involving group 16 elements
as electrophilic sites. The role of chalcogen atoms as sticky sites in biomolecules is
underappreciated, and the few available studies have mostly focused on S. Here, we carried
out a statistical analysis over 3562 protein structures in the Protein Data Bank (PDB)
containing 18 266 selenomethionines and found that Se···O chalcogen bonds are
commonplace. These findings may help the future design of functional peptides and
contribute to understanding the role of Se in nature.

The Protein Data Bank (PDB) is a 50-year old worldwide
repository of 3D structures of biological macromolecules,

including proteins and nucleic acids.1 It has nowadays reached
over 175 000 structures of proteins, DNA, RNA, and their
complexes, which often include metal ions and small molecules
(totaling >1 billion atoms). As such, the PDB offers the unique
opportunity to analyze protein structures, deriving meaningful
statistics about the occurrence of chemical interactions.
Protein−ligand and protein−protein binding, as well as
interactions governing protein folding, can be analyzed,
contributing, e.g., to an understanding of the role of chemical
interactions, and potentially unveil yet unknown contributions.2

Alongside conventional interactions controlling protein folding,
i.e., hydrogen bonding, electrostatic forces, and hydrophobic
interactions, more recently, important additional contributions
from less common interactions have been identified, including
halogen bonding,3 chalcogen bonding,4 and interactions
involving aromatic rings,5 e.g., π···π stacking in amyloids,6

among others. A full understanding of the role of these
noncanonical interactions in protein foldingmay have important
implications, such as in advanced drug design, enhanced drug-
target protein affinity,7 force fields for improved molecular
simulations,8 and new insights in biomolecular recognition
processes.9 The focus of this Letter is on one of these
noncanonical interactions, specifically the impact of a chalcogen
bond involving selenium (Se) atoms on protein structures.
The term chalcogen bond (ChB) is used to designate the

specific subset of inter- and intramolecular interactions formed
by chalcogen atoms wherein the group 16 element is the
electrophilic site (Figure 1).10 Although the earliest examples of
chalcogen-bonded complexes can be traced back to 1843,11

recently, there has been an upsurge in the number of papers
reporting successful examples of the use of this interaction in
several fields, such as crystal engineering12 and organic
catalysis,13 among others.14 As far as the implications of
chalcogen bonding in the biomolecular field are concerned, only
in the early 2000s were ChBs found to play a role in protein
structures.15,16 Sulfur−oxygen ChBs have also been found to

Received: June 9, 2021
Published: September 3, 2021

Figure 1. (A) Spherical coordinates (φ, θ, and d) and α angle that
describe the position of the oxygen atom relative to the selenium atom
and variables (angle β and torsion τ, atoms X−C−O−Se) that describe
the orientation of the carbon−oxygen double bonds, acting as ChB
acceptors, relative to the selenium atom. (B) Bidimensional distribution
of the oxygen atoms around the selenium atom (for clarity, the
percentage of observations is shown only for sectors where it is ≥0.6%;
see text for details).
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occur between the sulfur cation of S-adenosylmethionine and
oxygen atoms in methyltransferase active sites mediating
recognition and catalysis.17 Furthermore, some of us have
recently demonstrated the importance of this interaction in the
inhibition mechanism of maltase glucoamylase by salacinol and
katalanol inhibitors, through the ChB between the sulfonium ion
center and the catalytic nucleophile Asp443 residue.18 It is also
known that the biologically important reaction of ebselen, a
glutathione peroxidase mimic, with biological cysteine thiol
groups is favored by the ability of selenium to act as a ChB
donor.19 Finally, the PDB has recently been surveyed in order to
systematically explore the stabilizing potential of chalcogen
bonding in protein−ligand complexes, indicating that chalcogen
bonding does indeed play a dominant role in stabilizing some of
the interaction motifs studied.20 This is relevant in drug design;
in fact, a recent survey has demonstrated that this interaction is
often isosteric with analogous hydrogen bonding.7

ChB analyses in protein structures have mostly focused on
sulfur as the donor atom,21 either on the protein22 or on the
ligand.23 Se atoms have only occasionally been considered, and,
to the best of our knowledge, only from the ligand point of
view.20 Selenium is seldom present in native proteins,24 where it
is shown to impart permanent oxidation resistance.25 However,
Se-containing proteins are well represented in the PDB (nearly
10 000 structures), because incorporation of selenomethionine
instead of natural methionine by genetic engineering methods is
aiding protein structure phasing, thanks to the anomalous

diffraction signal provided by Se.26 This gives the unique
opportunity to statistically analyze Se-based ChBs that stabilize
proteins, since it can be foreseen that Se is a better ChB donor
than S, due to its higher polarizability.
With this hypothesis in mind, we extracted from the PDB

(March 2021) an ensemble of protein 3D structures containing
selenomethionines with the following, commonly accepted,
selection criteria:27 (i) only X-ray crystal structures refined at a
resolution better than 2 Å; (ii) only structures determined in the
90−110 K temperature range; (iii) sequence redundancy was
reduced to 40% pairwise sequence identity with CD-HIT.28

This resulted in a nonredundant, high-quality, and homoge-
neous ensemble of 3562 protein chains containing 18 266
selenomethionines.
In the ChBs observed in this ensemble, by far the most

represented nucleophilic atoms are oxygen atoms either in the
protein backbone or in the amino acid side-chains. Only a few
other nucleophilic atoms are present, unless post-translational
modifications occur. An oxygen atom was considered to be in
contact with the selenium atom if 2 ≤ Se···O distance ≤ 3.5 Å
(sum of van der Waals radii = 3.4 Å). A total of 1173 contacts
were observed. The position of the oxygen atom relative to the
selenium atom has been described through the spherical
coordinates shown in Figure 1, similarly to previous studies.29,30

The azimuthal angle φ between the bisector of the Cγ−Seδ−Cε
angle and the vector from Seδ and the projection of the O atom
on the plane defined by Cγ, Seδ, and Cε was constrained in the

Figure 2. (A) Relationship between the angles θ and φ (deg). (B) Superposition of all the oxygen atoms close to the selenium atom. (C) Relationship
between angle α and distance d (see definitions in Figure 1A). The broken line indicates the linear relationship (y = −62.8 + 29.2x; both slope and
intercept are significantly different from zero; Pearson correlation coefficient = 0.215). (D) Distribution of the angle β and torsion τ that describe the
position of the oxygen around the selenium atom for various types of oxygen atoms.
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0−180° range because of the local, intrinsic C2v symmetry of the
Cγ−Seδ−Cε moiety. For the same reason, the polar angle θ
between the normal to the plane defined by Cγ, Seδ, and Cε and
the Seδ−O vector was constrained in the 0−90° range. The
position of the oxygen atom relative to the selenium atom was
also monitored by the angle α, defined as the supplementary of
the angle C−Se−O (180°, C−Se−O). This angle provides a
piece of very direct information; i.e., the formation of a
chalcogen bond is expected to be associated with small α values,
close to 0°.
When the O atom approaching the Se atom belonged to a

CO group, the data were divided into five groups. The first
with the amido group of the Asn side chains (O =Oδ1, C =Cγ, X
=Nδ2, Y =Cβ); the second with the amido group of the Gln side
chain (O = Oε1, C = Cδ, X = Nε2, Y = Cγ); the third with the
carboxylic group of the Glu side chain (O = Oε1, C = Cδ, X =
Oε2, Y = Cγ or, alternatively, O = Oε2, C = Cδ, X = Oε1, Y =
Cγ); the fourth with the carboxylic group of the Asp side-chain
(O =Oδ1, C =Cγ, X =Oδ2, Y =Cβ or, alternatively, O =Oδ2, C
= Cγ, X = Oδ1, Y = Cβ); and the fifth and last one with any
backbone carbonyl (O = backboneO, X = backboneCα, and Y =
backbone N of the next residue).
The region around the selenium atom was divided into 180

sectors by dividing the φ range into 18 intervals of 10° each
(from 0° to 180°) and by dividing the θ range into 10 equal
intervals (from sin θ = 0 to sin θ = 1). In this way, each sector has
the same surface, and 0.6% of the oxygen atoms should be
observed in each sector if their distribution is continuous and
uniform.
Figure 1B clearly shows that this is not the case (for clarity, the

percentage of observations is shown only for sectors where it is
≥0.6%). A large fraction of the oxygen atoms is at θ close to 90°
and at φ close to 130°. In other words, they approach the
selenium atom along a direction opposite that of the carbon
atoms bound to the selenium atom, as it is typical for ChBs
(Figure 1 and Figures 2A,B). Similar (though not perfectly
identical) trends are observed when considering the different
types of oxygen atoms, i.e., amide oxygen atoms of Asn and Gln
side chains, backbone carbonyl oxygen atoms, carboxylate
oxygen atoms of Asp and Glu side chains, and hydroxyl oxygen
atoms of Ser, Thr, and Tyr side chains (Supporting Information
Figure S1). This observation is confirmed by the relationship
between φ and θ shown in Figure 2A, where a clear data
clustering appears at θ≈ 90° andφ≈ 130°, and data are roughly
distributed along an arched curve from low θ and φ values to the
center of the aforementioned cluster. In this case, too, no
spectacular differences appear from the particular analysis of the
different types of oxygen atoms (Supporting Information Figure
S2).
The superposition of all the oxygen atoms on the same C−

Se−C framework shows a clear clustering of the oxygen atoms in
the regions opposite that of the C−Se bonds (Figure 2B), and
also in this case there are no substantial differences among
different types of oxygen atoms (Supporting Information Figure
S3). This suggests that the observed selenium−oxygen contacts
are, indeed, influenced by chalcogen bonds.
This is supported by the analysis of the angle α values. Given

that chalcogen bonds are directional, it is expected that
selenium−oxygen contacts are frequently characterized by
small α angles and that shorter contacts are associated by
smaller α angles. This is observed indeed in the data set of
structural data examined here. A total of 43% of the α values are
smaller than 20°, and though the α versus d scatterplot is quite

dispersed (Figure 2C), there is a statistically significant linear
relationship between α and d. This confirms that chalcogen
bonds may be formed by the selenium atom of selenomethio-
nines in proteins.
A total of 65% of the oxygen atoms in contact with the

selenium atom are backbone oxygen atoms. A total of 12% are
carboxylic oxygen atoms from side chains of Asp andGlu. A total
of 8% are amide oxygen atoms from the side chains of Asn and
Gln, and the remaining 15% are hydroxylic oxygen atoms from
the side chains of Ser, Thr, and Tyr. These values are not very
different from the oxygen atom compositions in the proteins
examined here: A total of 67% of their oxygen atoms are
backbone oxygen atoms. A total of 18% are carboxylic oxygen
atoms from side chains of Asp and Glu. A total of 5% are amide
oxygen atoms from the side chains of Asn and Gln, and the
remaining 10% are hydroxylic oxygen atoms from the side chains
of Ser, Thr, and Tyr. The only difference is that carboxylate
oxygen atoms are found less frequently than expected in the
vicinity of the selenium atoms (12% versus 18%). This is not
surprising since the side chains of Asp and Glu are usually
solvent-exposed while methionines are usually buried in the
protein core. The depletion of charged, carboxylate oxygen
atoms is compensated by a modest increase in the percentage of
amide and hydroxylic oxygen atoms.
When a chalcogen bond is detected (α≤ 20°), it is more often

opposed to the Se−Cε bond (54%) than to the Se−Cγ bond
(46%). This might imply a different electronic density in the two
directions. However, it might be a simple consequence of steric
hindrance: While the Cε carbon atom is terminal, the Cγ one is
connected to the rest of the selenomethionine side chain.
A comprehensive analysis of the geometric features of the

studied ChBs requires a detailed analysis of the angular
distribution of selenium atoms around oxygen. If this is a
tetrahedral sp3 hybridized oxygen, like in the hydroxyl groups of
Ser, Thr, and Tyr, it is necessary to consider the angle C−O−Se
(referred thereinafter to as β). If, on the contrary, it is a sp2

hybridized oxygen, like in the carboxylate or amide side chains of
Asp, Glu, Asn, and Gln or like in all backbone carbonyls, it is
necessary to consider not only the angle β but also the torsion
C−C−O−Se (referred thereinafter τ). The distributions of the β
and τ values are shown in Figure 2D. The β value distributions
are very similar for all types of oxygen atoms, with a broad
maximum at about 100−140°. The τ value distributions are
similar for all types of oxygen atoms too, but, contrary to the β
value distributions that are unimodal, they are bimodal with two
maxima, one at about−90° and the other at about +90° (Figure
2D).
Three relevant examples of selenium−oxygen contacts, all due

to structural genomics consortia, are shown in Figure 3 and
discussed in detail herein. The top of Figure 3 reports the crystal
structure of fructokinase from Xylella fastidiosa (ID code: 3LKI,
chain A).31 The selenomethionine 324 interacts with the side-
chain oxygen atom of serine 328, and it can be hypothesized that
this interaction, which involves two solvent accessible residues
that are just five positions apart along the protein sequence,
stabilizes the N-terminal moiety of the helix. Another selenium−
oxygen contact is observed in the crystal structure of
aminopeptidase N from Neisseria meningitides (ID code:
2GTQ, chain A).32 This interaction involves two residues that
are buried in the protein core and are very distant along the
protein sequence (seleniomethione 259 and glutamate 117).
The third example is observed in the crystal structure of a
putative racemase from Pseudovibrio sp. JE062 (ID code: 3MKC,
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chain A).33 Two residues close in the protein sequence, i.e.,
selenomethionine 104 and glycine 98, are involved in the
interaction, which might stabilize the helix, and, contrary to the
previous two examples, involves a backbone oxygen atom
instead of a side-chain oxygen atom.
Interestingly, we also found a Se···O ChB in the CSD

deposited structure of a heptapeptide, where it was demon-
strated that the 310- to α-helical transition is sequence
dependent, occurring at O(2) for the peptide incorporating
selenomethionine, and shifted by a residue to O(3) for peptides
having methionine and S-benzyl cysteine at the same residue.34

The observed ChB is within the geometrical parameters
observed in Figure 3, i.e., a Se···O distance of 3.351 Å and C−
Se···O angle of 150.50° (Figure 4). Importantly, the
aforementioned ChB was not recognized by the authors of the
original article, and neither the methionine derivative nor the S-
benzyl cysteine one display similar interactions involving the
chalcogen atoms, which is understandable given the lower
polarizability of S with respect to Se.

In conclusion, by a statistical analysis on a set of PDB crystal
structures of proteins containing selenomethionines, we have
demonstrated that Se···O chalcogen bonds are commonplace.
The interactions explored in this work must be true also for
methionine-containing proteins since a SeMet residue does not
occur naturally in the structures examined in the PDB, but
SeMet is, instead, a replacement for Met in heavy atom
replacement experiments to solve structures. However, since the
Se atom is more polarizable, one might expect the noncovalent
O···Se interactions to be stronger than the corresponding O···S
interaction. The results reported in this Letter are relevant for a
2-fold reason. On one hand, this might help provide insights into
the chemical basis of selenium-over-sulfur discrimination in
nature.35 On the other hand, Se···O ChBs can be exploited to
manipulate structures and functions of peptides and proteins in
synthetic biology. In this respect, Se-functionalized self-
assembling peptides are under current investigation.
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Figure 3. Examples of chalcogen bonds that involve selenomethionine
residues in proteins: top, bond between the selenium atom of Mse 324
and the side-chain oxygen atom of Ser 328 (both belonging to chain A
of PDB file 3LKI); middle, bond between the selenium atom of Mse
259 and a side-chain oxygen atom of Glu 117 (both belonging to chain
A of PDB file 2GTQ); bottom, bond between the selenium atom ofMse
104 and a main-chain oxygen atom of Gly 98 (both belonging to chain
A of PDB file 3MKC).

Figure 4. CSD deposited crystal structure of the heptapeptide BocAla-
Leu-Aib-Mse-Ala-Leu-Aib-OMe showing the occurrence on an
intermolecular Se···O ChB.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Letters

https://doi.org/10.1021/acschembio.1c00441
ACS Chem. Biol. 2021, 16, 1622−1627

1625

https://pubs.acs.org/doi/10.1021/acschembio.1c00441?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acschembio.1c00441/suppl_file/cb1c00441_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliviero+Carugo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:olivieroitalo.carugo@unipv.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Resnati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0797-9296
mailto:giuseppe.resnati@polimi.it
mailto:giuseppe.resnati@polimi.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pierangelo+Metrangolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7945-099X
https://orcid.org/0000-0002-7945-099X
mailto:pierangelo.metrangolo@polimi.it
https://pubs.acs.org/doi/10.1021/acschembio.1c00441?ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00441?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00441?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00441?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00441?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00441?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00441?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00441?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.1c00441?fig=fig4&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.1c00441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Author Contributions
O.C. designed the experiments and analyzed the data. O.C.,
G.R., and P.M. interpreted and discussed the data. O.C., G.R.,
and P.M. wrote the manuscript.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This Letter is dedicated to the 50th anniversary of the Protein
Data Bank (PDB).

■ REFERENCES
(1) (a) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F.
J.; Brice, M. D.; Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; Tasumi,
M. The Protein Data Bank: A computer-based archival file for
macromolecular structures. J. Mol. Biol. 1977, 112, 535−542.
(b) Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.
N.;Weissig, H.; Shindyalov, I. N.; Bourne, P. E. The Protein Data Bank.
Nucleic Acids Res. 2000, 28, 235−242. (c) Burley, S. K.; et al. RCSB
Protein Data Bank: biological macromolecular structures enabling
research and education in fundamental biology, biomedicine,
biotechnology and energy. Nucleic Acids Res. 2019, 47, D464−D474.
(2) Newberry, R. W.; Raines, R. T. Secondary Forces in Protein
Folding. ACS Chem. Biol. 2019, 14, 1677−1686.
(3) (a) Pizzi, A.; Pigliacelli, C.; Bergamaschi, G.; Gori, A.; Metrangolo,
P. Biomimetic engineering of the molecular recognition and self-
assembly of peptides and proteins via halogenation. Coord. Chem. Rev.
2020, 411, 213242. (b) de las Nieves Piña, M.; Frontera, A.; Bauzá, A.
Quantifying Intramolecular Halogen Bonds in Nucleic Acids: A
Combined Protein Data Bank and Theoretical Study. ACS Chem.
Biol. 2020, 15, 1942−1948.
(4) Iwaoka, M. Chalcogen bonds in protein architecture. In
Noncovalent Forces; Scheiner, S., Ed.; Challenges and Advances in
Computational Chemistry and Physics; Springer: Cham, Switzerland,
2015; Vol. 19, pp 265−289.
(5) Makwana, K. M.; Mahalakshmi, R. Implications of aromatic-
aromatic interactions: From protein structures to peptide models.
Protein Sci. 2015, 24, 1920−1933.
(6) Tu, L.-H.; Raleigh, D. P. Role of Aromatic Interactions in Amyloid
Formation by Islet Amyloid Polypeptide. Biochemistry 2013, 52, 333−
342.
(7) Beno, B. R.; Yeung, K.-S.; Bartberger, M. D.; Pennington, L. D.;
Meanwell, N. A. A Survey of the Role of Noncovalent Sulfur
Interactions in Drug Design. J. Med. Chem. 2015, 58, 4383−4438.
(8) Franchini, D.; Dapiaggi, F.; Pieraccini, S.; Forni, A.; Sironi, M.
Halogen bonding in the framework of classical force fields: The case of
chlorine. Chem. Phys. Lett. 2018, 712, 89−94.
(9) Reddy, K. M.; Mugesh, G. Modelling the Inhibition of
Selenoproteins by Small Molecules Using Cysteine and Selenocysteine
Derivatives. Chem. - Eur. J. 2019, 25, 8875−8883.
(10) Aakeröy, C. B.; Bryce, D. L.; Desiraju, G. R.; Frontera, A.; Legon,
A. C.; Nicotra, F.; Rissanen, K.; Scheiner, S.; Terraneo, G.; Metrangolo,
P.; Resnati, G. Definition of the chalcogen bond. Pure Appl. Chem.
2019, 91, 1889−1892.
(11) Hofmann, A. W. Chemische Untersuchung der organischen
Basen im Steinkohlen-Theeröl. Ann. Chem. Pharm. 1843, 47, 37−87.
(12) Scilabra, P.; Terraneo, G.; Resnati, G. The Chalcogen Bond in
Crystalline Solids: A World Parallel to Halogen Bond. Acc. Chem. Res.
2019, 52, 1313−1324.
(13) Benz, S.; Poblador-Bahamonde, A. I.; Low-Ders, N.; Matile, S.
Catalysis with Pnictogen, Chalcogen, and Halogen Bonds. Angew.
Chem. 2018, 130, 5506−5510.
(14) Vogel, L.; Wonner, P.; Huber, S. M. Chalcogen bonding: An
overview. Angew. Chem., Int. Ed. 2019, 58, 1880−1891.
(15) Pal, D.; Chakrabarti, P. Non-hydrogen bond interactions
involving the methionine sulfur atom. J. Biomol. Struct. Dyn. 2001, 19,
115−128.

(16) Iwaoka, M.; Takemoto, S.; Okada, M.; Tomoda, S. Weak
nonbonded S···X (X =O, N, and S) interactions in proteins. Bull. Chem.
Soc. Jpn. 2002, 75, 1611−1625.
(17) Fick, R. J.; Kroner, G. M.; Nepal, B.; Magnani, R.; Horowitz, S.;
Houtz, R. L.; Scheiner, S.; Trievel, R. C. Sulfur-Oxygen Chalcogen
Bonding Mediates AdoMet Recognition in the Lysine Methyltransfer-
ase SET7/9. ACS Chem. Biol. 2016, 11, 748−754.
(18) Galmés, B.; Juan-Bals, A.; Frontera, A.; Resnati, G. Charge-
Assisted Chalcogen Bonds: CSD and DFT Analyses and Biological
Implication in Glucosidase Inhibitors. Chem. - Eur. J. 2020, 26, 4599−
4606.
(19)Daolio, A.; Scilabra, P.; Di Pietro,M. E.; Resnati, C.; Rissanen, K.;
Resnati, G. Binding motif of ebselen in solution: chalcogen and
hydrogen bonds team up. New J. Chem. 2020, 44, 20697.
(20) Kriz, K.; Fanfrlik, J.; Lepsik, M. Chalcogen Bonding in Protein-
Ligand Complexes: PDB Survey and Quantum Mechanical Calcu-
lations. ChemPhysChem 2018, 19, 2540−2548.
(21) Ams, M. R.; Trapp, N.; Schwab, A.; Milic,́ J. V.; Diederich, F.
Chalcogen Bonding “2S-2N Squares” versus Competing Interactions:
Exploring the Recognition Properties of Sulfur. Chem. - Eur. J. 2019, 25,
323−333.
(22) Zhang, X.; Gong, Z.; Li, J.; Lu, T. Intermolecular sulfur-oxygen
interactions: theoretical and statistical investigations. J. Chem. Inf.
Model. 2015, 55, 2138−2153. Iwaoka, M.; Babe, N. Mining and
structural characterization of S-X chalcogen bonds in protein database.
Phosphorus, Sulfur Silicon Relat. Elem. 2015, 190, 1257−1264.
(23) (a) Koebel, M. R.; Cooper, A.; Schmadeke, G.; Jeon, S.; Narayan,
M.; Sirimulla, S. S-O and S-N sulfur bonding interactions in protein-
ligand complexes: empirical considerations and scoring function. J.
Chem. Inf. Model. 2016, 56, 2298−2309. (b) Mitchell, M. O.
Discovering protein-ligand chalcogen bonding in the protein data
bank using endocyclic sulfur-containing heterocycles as ligand search
subsets. J. Mol. Model. 2017, 23, 287.
(24) Labunskyy, V. M.; Hatfield, D. L.; Gladyshev, V. N.
Selenoproteins: molecular pathways and physiological roles. Physiol.
Rev. 2014, 94, 739−777.
(25) Reich, H. J.; Hondal, R. J. Why Nature Chose Selenium. ACS
Chem. Biol. 2016, 11, 821−841.
(26) (a) Yang, W.; Hendrickson, W. A.; Crouch, R. J.; Satow, Y.
Structure of ribonuclease H phased at 2 A resolution by MAD analysis
of the selenomethionyl protein. Science 1990, 249, 1398. (b) Strub, M.-
P.; Hoh, F.; Sanchez, J.-F.; Strub, J. M.; Böck, A.; Aumelas, A.; Dumas,
C. Selenomethionine and Selenocysteine Double Labeling Strategy for
Crystallographic Phasing. Structure 2003, 11, 1359−1367. (c) Luo, Z.
Selenourea: a convenient phasing vehicle for macromolecular X-ray
crystal structures. Sci. Rep. 2016, 6, 37123.
(27) Carugo, O.; Djinovic-́Carugo, K. Criteria to Extract High-Quality
Protein Data Bank Subsets for Structure Users.MethodsMol. Biol. 2016,
1415, 139−152.
(28) Fu, L.; Niu, B.; Zhu, Z.; Wu, S.; Li, W. CD-HIT: accelerated for
clustering the next generation sequencing data. Bioinformatics 2012, 28,
3150−3152.
(29) Carugo, O. Stereochemistry of the interaction between
methionine sulfur and the protein core. Biol. Chem. 1999, 380, 495−
498.
(30) Iwaoka, M.; Takemoto, S.; Tomoda, S. Statistical and theoretical
investigations on the directionality of nonbonded SSSSO interactions.
Implications for molecular design and protein engineering. J. Am. Chem.
Soc. 2002, 124, 10613−10620.
(31) Satyanarayana, L.; Burley, S. K.; Swaminathan, S.; New York
SGX Research Center for Structural Genomics (NYSGXRC). Crystal
Structure of Fructokinase with bound ATP from Xylella fastidiosa.
RCSB Protein Data Bank2010, DOI: 10.2210/pdb3lki/pdb.
(32) Nocek, B.; Mulligan, R.; Bargassa, M.; Collart, F.; Joachimiak, A.
Crystal structure of aminopeptidase N from human pathogen Neisseria
meningitidis. Proteins: Struct., Funct., Genet. 2008, 70, 273−279.
(33) Eswaramoorthy, S.; Burley, S. K.; Swaminathan, S.; New York
SGX Research Center for Structural Genomics (NYSGXRC). Crystal

ACS Chemical Biology pubs.acs.org/acschemicalbiology Letters

https://doi.org/10.1021/acschembio.1c00441
ACS Chem. Biol. 2021, 16, 1622−1627

1626

https://doi.org/10.1016/S0022-2836(77)80200-3
https://doi.org/10.1016/S0022-2836(77)80200-3
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/gky1004
https://doi.org/10.1093/nar/gky1004
https://doi.org/10.1093/nar/gky1004
https://doi.org/10.1093/nar/gky1004
https://doi.org/10.1021/acschembio.9b00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.9b00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2020.213242
https://doi.org/10.1016/j.ccr.2020.213242
https://doi.org/10.1021/acschembio.0c00292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pro.2814
https://doi.org/10.1002/pro.2814
https://doi.org/10.1021/bi3014278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi3014278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501853m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501853m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2018.09.052
https://doi.org/10.1016/j.cplett.2018.09.052
https://doi.org/10.1002/chem.201901363
https://doi.org/10.1002/chem.201901363
https://doi.org/10.1002/chem.201901363
https://doi.org/10.1515/pac-2018-0713
https://doi.org/10.1002/jlac.18430470106
https://doi.org/10.1002/jlac.18430470106
https://doi.org/10.1021/acs.accounts.9b00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.201801452
https://doi.org/10.1002/anie.201809432
https://doi.org/10.1002/anie.201809432
https://doi.org/10.1080/07391102.2001.10506725
https://doi.org/10.1080/07391102.2001.10506725
https://doi.org/10.1246/bcsj.75.1611
https://doi.org/10.1246/bcsj.75.1611
https://doi.org/10.1021/acschembio.5b00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.5b00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.5b00852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201905498
https://doi.org/10.1002/chem.201905498
https://doi.org/10.1002/chem.201905498
https://doi.org/10.1039/D0NJ04647G
https://doi.org/10.1039/D0NJ04647G
https://doi.org/10.1002/cphc.201800409
https://doi.org/10.1002/cphc.201800409
https://doi.org/10.1002/cphc.201800409
https://doi.org/10.1002/chem.201804261
https://doi.org/10.1002/chem.201804261
https://doi.org/10.1021/acs.jcim.5b00177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.5b00177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/10426507.2014.1002612
https://doi.org/10.1080/10426507.2014.1002612
https://doi.org/10.1021/acs.jcim.6b00236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.6b00236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00894-017-3452-3
https://doi.org/10.1007/s00894-017-3452-3
https://doi.org/10.1007/s00894-017-3452-3
https://doi.org/10.1152/physrev.00039.2013
https://doi.org/10.1021/acschembio.6b00031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.2169648
https://doi.org/10.1126/science.2169648
https://doi.org/10.1016/j.str.2003.09.014
https://doi.org/10.1016/j.str.2003.09.014
https://doi.org/10.1038/srep37123
https://doi.org/10.1038/srep37123
https://doi.org/10.1007/978-1-4939-3572-7_7
https://doi.org/10.1007/978-1-4939-3572-7_7
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1093/bioinformatics/bts565
https://doi.org/10.1515/BC.1999.064
https://doi.org/10.1515/BC.1999.064
https://doi.org/10.1021/ja026472q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja026472q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja026472q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2210/pdb3lki/pdb
https://doi.org/10.2210/pdb3lki/pdb
https://doi.org/10.2210/pdb3lki/pdb?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/prot.21276
https://doi.org/10.1002/prot.21276
https://doi.org/10.2210/pdb3mkc/pdb
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.1c00441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


structure of a putative racemase. RCSB Protein Data Bank 2010,
DOI: 10.2210/pdb3mkc/pdb.
(34) Duley, A.; Nethaji, M.; Ramanathan, G. A Change in the 310- to
–Helical Transition Point in the Heptapeptides Containing Sulfur and
Selenium. Cryst. Growth Des. 2011, 11, 2238−2242.
(35) (a) Collins, R.; et al. Biochemical Discrimination between
Selenium and Sulfur 1: A Single Residue Provides Selenium Specificity
to Human Selenocysteine Lyase. PLoS One 2012, 7, No. e30581.
(b) Johansson, A.-L.; Collins, R.; Arnér, E. S. J.; Brzezinski, P.;
Högbom,M. Biochemical Discrimination between Selenium and Sulfur
2: Mechanistic Investigation of the Selenium Specificity of Human
Selenocysteine Lyase. PLoS One 2012, 7, No. e30528.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Letters

https://doi.org/10.1021/acschembio.1c00441
ACS Chem. Biol. 2021, 16, 1622−1627

1627

https://doi.org/10.2210/pdb3mkc/pdb
https://doi.org/10.2210/pdb3mkc/pdb?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg101604g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg101604g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg101604g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0030581
https://doi.org/10.1371/journal.pone.0030581
https://doi.org/10.1371/journal.pone.0030581
https://doi.org/10.1371/journal.pone.0030528
https://doi.org/10.1371/journal.pone.0030528
https://doi.org/10.1371/journal.pone.0030528
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.1c00441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

